Introduction
The herbicide acetochlor was used extensively for the first time in the United States after its conditional registration by the U.S. Environmental Protection Agency (USEPA) in March 1994 (1) . However, acetochlor has had a multiyear history of international use prior to its registration in the United States (2) (3) (4) . Acetochlor is a preemergent herbicide used to control competing grasses and some broadleaf weeds in corn. An anticipated result of this conditional registration is that the broader spectrum of weed control for acetochlor over alternative corn herbicides will lead to reduced overall herbicide use in the United States (1) . Acetochlor is an acetanilide herbicide having chemical structure and properties similar to those of alachlor [2-chloro-2′,6′-diethyl-N-(methoxymethyl)acetanilide] and metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide]. Acetochlor has been classified by the USEPA as a B-2 carcinogen (1).
The registration for acetochlor is unique in that registration can be canceled if concentrations consistently exceed 0.10 µg/L in groundwater or 2.0 µg/L as an annual average in surface water (1) . The conditions of registration also require an extensive stewardship program on the part of the registrants. This includes restricting the sale of acetochlor in areas that may be vulnerable to contamination, such as areas with sandy soils or shallow water tables.
Even though 1994 was the first year of extensive acetochlor use in the United States, the application of acetochlor was widespread across the midwestern United States (Figure 1 ). Because of its unique registration requirements, detailed information on the amount of acetochlor used (county-level data) is currently considered confidential (5), and only broad estimates of use could be obtained for this study. Seven percent of the estimated 25 million corn hectares in the midwestern United States received an application of acetochlor during the 1994 growing season (6) . Acetochlor was the fifth most heavily used corn herbicide in the midwestern United States during 1994, with about 3.4 million kg being applied. For comparison, about 9.6 million kg of alachlor and 17.8 million kg of metolachlor were used on corn during 1994. An additional 2.7 million kg of alachlor and 3.2 million kg of metolachlor were used on soybeans in 1994. Alachlor decreased in use by almost 6 million kg (about 32%) between 1993 and 1994 (6), with at least part of this reduction being due to a replacement with acetochlor. The use of atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine), another major corn herbicide, decreased from 22.5 million kg in 1993 to 20.6 million kg in 1994. This reduction in alachlor and atrazine use documents that acetochlor is beginning to replace other major corn herbicides, as required by its registration criteria. However, a small increase (+1.5%) was noted for metolachlor use between 1993 and 1994.
Because of the unique opportunity to study the distribution of a chemical during its first year of extensive use in the United States, water samples collected as part of three separate ongoing U.S. Geological Survey (USGS) studies of rain, streams, and groundwater in the midwestern United States were analyzed for acetochlor during 1994. The purpose of this paper is to discuss the distribution of acetochlor in the hydrologic system after its first season of extensive use on the basis of results of water samples collected from these three studies.
Materials and Methods
Sampling Program. Water samples were collected from four rainwater sites, 53 streams, and 38 wells in the midwestern United States (Figure 2 ). Rain samples were collected using automatic wet-dry samplers once a week from late April through August 1994. Three of the rain sites were in proximity (<150 m) to cropland (mainly corn and soybeans), and one site was located in an urban setting (>1600 m to cropland). These samples were collected as part of a continuing investigation of herbicides in Iowa's rain (7, 8) . Stream samples were collected across nine states during March-April (preapplication) and May-June (postapplication) 1994. Samples were collected with a depthintegrated sampler from three or more verticals and were processed according to a defined protocol (9) . The primary objective of the stream sampling was to determine if recent changes in the use of herbicides have affected herbicide concentrations in streams across the midwestern United States.
Groundwater samples were collected from unconsolidated aquifers across eight states during July-August 1994. Unconsolidated aquifers have been documented to be more susceptible to herbicide contamination than most bedrock aquifers in the midwestern United States (10, 11) . Materials and methods used to collect and process the groundwater samples were the same as those used for previous studies using this regional monitoring network (11, 12) . Wells were purged before sampling until pH, water temperature, and specific conductance stabilized. The primary objective of this sampling was to determine the long-term effects of the historic 1993 flooding on groundwater quality and was an extension of a previous study investigating the immediate effects of the 1993 flood (13) . These 38 wells are those which had the most severe flooding problems during 1993. However, a Wilcoxon signed-ranked test (14) found the median differences between the summer 1994 samples and the preflood samples (summer 1992 or summer 1991) for these 38 wells were not significantly different from zero (p > 0.05) for the herbicides examined. Thus, these wells should be an adequate representation of unconsolidated aquifers underlying agricultural areas in the Midwest.
Analytical Procedures. All water samples were sent to the USGS Organic Research Laboratory in Lawrence, KS, to determine concentrations of 12 herbicides and two triazine herbicide metabolites. The analytical method included solid-phase extraction of 100-mL water samples on C 18 cartridges, followed by gas chromatography/mass spectrometry (15, 16) . The analytical reporting limit for all compounds was 0.05 µg/L. Acetochlor was a new analyte added to the published method (15, 16) . Recoveries of acetochlor from the C 18 cartridges was 95% ( 5%, with a precision of 5% relative standard deviation. Acetochlor was determined by selected ion monitoring using the molecular ion (269) and the basic peak ion (223) and a retention time match of (0.2% relative to phenanthrene-d 10 . Quantification of acetochlor was based on the area of the basic peak ion (223) relative to the internal standard.
In addition, the alachlor metabolite alachlor ethanesulfonic acid (alachlor-ESA; 2-[(2,6-diethylphenyl)(methoxymethyl)amino]-2-oxoethanesulfonic acid) was extracted and isolated by solid-phase extraction and analyzed by immunoassay (17) . The analytical reporting limit for alachlor-ESA was 0.10 µg/L.
Results and Discussion
Acetochlor concentrations were determined for 42 rain, 104 stream, and 38 groundwater samples ( Table 1) . The results from these samples document the environmental distribution of acetochlor in the hydrologic system after its first year of extensive use in the midwestern United States. Acetochlor was detected in 29% of the rain, 17% of the stream, and 0% of the groundwater samples collected for the three studies. Rain. Acetochlor exhibited a seasonal pattern in the rain samples from Iowa ( Figure 3 ). Acetochlor concentrations were found to be significantly higher during the late April-May time period than those found during either June or July (p < 0.001; Mann-Whitney test (14)). Other research has also documented the presence of acetochlor in rain (18) . The results of this study suggests that the higher acetochlor concentrations in rain during late April and May were the result of the recent chemical applications associated with corn planting in the midwestern United States during 1994. Acetochlor follows a seasonal pattern similar to that of the other acetanilide herbicides analyzed at all of the rain-collection sites (Figure 4) . Even though extensive seasonal data were available only for the rain-collection site in northeastern Iowa, the data for the remaining raincollection sites, where present, match those from this site. Previous research has shown that alachlor exhibits a strong seasonal and spatial pattern in rain, with concentrations being the highest and detections most frequent in the midwestern United States during the period of mid-Aprilmid-July (19, 20) . In areas outside the midwestern United States, alachlor concentrations were low and detections infrequent, with concentrations and frequencies of detection decreasing away from the midwestern United States. This suggests that the source of the alachlor concentrations in rain was the recent applications associated with crop planting in the midwestern United States (19, 20) . Thus, since the seasonal patterns were similar between alachlor and acetochlor, it follows that the major source of acetochlor in rain for this study must also be derived from applications to corn fields in the midwestern United States and not from applications in other parts of the world. The differences in frequencies of detection and maximum concentrations between acetochlor and the other acetanilide herbicides (Table 1, Figure 4 ) may, in part, be a function of differences in the amounts of chemical used during 1994.
Volatilization may be a significant process in the atmospheric transport of acetochlor, as has been determined for alachlor. Research by Glotfelty et al. (21) documented that 19% of the alachlor applied to a fallow soil in eastern Maryland was lost to the atmosphere within 21 days as the result of volatilization. A simple empirical equation (21) was used to compare the relative volatility of alachlor to acetochlor. A volatilization rate constant, K v , is given by where P is the vapor pressure (mmHg), K oc is the soil adsorption coefficient (µg g -1 (µg mL -1 ) -1 , organic carbon basis), S is the solubility (mg/L), and Q is an empirically determined coefficient equal to 4.4 × 10 7 (21). Alachlor was found to have a K v ) 24 × 10 -3 /day, where P ) 2.2 × 10 -5 (22), K oc ) 170 (23), and S ) 242 (22) . Acetochlor was found to have a K v ) 35 × 10 -3 /day, where P ) 4.4 × 10 -5 (21), K oc ) 239 (22, median value for data from five soils), and S ) 233 (22) . Thus, although K v does not take into account other factors that also influence chemical volatilization, such as soil organic matter content, antecedent soil moisture conditions, or chemical concentrations, it does show that acetochlor likely has potential for volatilization to the atmosphere similar to that of alachlor. If the amount 
of acetochlor used increases as required as a part of the registration criteria (1), a corresponding increase in the frequencies of detection and concentrations of acetochlor in rainfall should be expected.
Surface Water. Acetochlor was detected in about onethird of the 51 streams sampled following the spring chemical applications associated with corn planting. Based on the limited data collected for this study, it is anticipated that acetochlor concentrations will have a seasonal pattern in streams across the midwestern United States similar to those of the other acetanilide herbicides analyzed in that an increase in concentration will occur between the spring and summer samples (Table 1) . This "spring flush" phenomenon of pesticides into streams across the midwestern United States has been documented in the literature (24, 25) . The much lower concentrations for acetochlor (Table 1, Figure 5 ) likely reflect the substantially lower amounts of acetochlor used compared to other herbicides examined (6) . Previous research has shown that chemical use is an important factor in the transport of pesticides to streams across the midwestern United States (24) (25) (26) (27) . As expected, no acetochlor concentrations were found in any streams sampled during spring 1994, prior to the first extensive use of this chemical. Streams that contained acetochlor were distributed across the entire midwestern United States (Figure 6) , with no spatial patterns in detection being apparent. No statistically significant (p < 0.05; Spearman's F (14)) correlation was determined between acetochlor concentrations in streams and the various land use and hydrogeologic factors of the basins sampled. These basinal factors examined included % corn, % rowcrops, % harvested cropland, % irrigated cropland, drainage area, average soil permeability, average soil hydrologic group number, and average precipitation (28) . The factors having the largest correlation coefficients were the % of basin in rowcrops (0.2287, p ) 0.1065; Spearman's F) and % of basin in harvested cropland (0.2278, p ) 0.1078; Spearman's F). Because the detailed acetochlor use data are currently considered confidential, a more in-depth examination was not possible at this time. Groundwater. No acetochlor was detected above analytical reporting limits for any of the 38 wells sampled across eight midwestern states. There are several possible explanations for the absence of acetochlor in groundwater for this study. First, acetochlor may degrade rapidly in the soil zone. Research has shown that some herbicides may be substantially degraded in soils. A transport study of herbicides in an unconsolidated aquifer in Nebraska found that as much as 40% of the parent alachlor was removed from solution during a 2-month experiment (29) . Alachlor has been documented to degrade to a more mobile and persistent metabolite, alachlor-ESA (30) (31) (32) (33) (34) . Alachlor-ESA was detected >25 times more often than its parent compound for this study (Table 1) . Acetochlor also has a sulfonic acid metabolite, acetochlor sulfonic acid [ethoxymethyl(6-ethyl-o-tolyl)carbamoylmethanesulfonic acid], similar to alachlor-ESA (1) . Given the similar estimated halflives between alachlor (15 days) (22) and acetochlor (14 days) (22), we suggest that acetochlor sulfonic acid will be detected in groundwater in acetochlor use areas when an analytical method becomes available.
A second possible explanation for the absence of acetochlor in groundwater is that insufficient time may have been available for this first extensive application of acetochlor to have reached the aquifers sampled. Research has shown that alachlor has only slight retardation when compared to a conservative tracer (29) . A herbicide transport study found the alachlor required over 30 days to travel 5.5 m from the point of injection at a depth of 3.3 m (29). Thus, the time available (roughly 60-120 days from the initial acetochlor applications) and the distances involved (median well depth of 13.6 m plus unknown horizontal path lengths) suggest that acetochlor transport to many of the wells sampled may have been unlikely.
A third possibility for the absence of acetochlor in groundwater may be the lack of acetochlor use in the recharge areas for these wells. Currently, the most detailed acetochlor use data were considered confidential and thus were unavailable for this study. However, given the widespread nature of acetochlor applications across the midwest (Figure 1) , it is likely that acetochlor was used in the recharge areas of at least a subset of the wells sampled during 1994.
